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ABSTRACT: Taking advantage of surfaces’ response to interfacial
dipoles, a class of photochromophores (dihydroindolizine) is demon-
strated to alter the work function of the underlying substrate (∼170
meV). This same molecule also provides spectroscopic signatures for
correlating the change in molecular structure to the induced change in
the surfaces’ electronic properties. Polarization modulation infrared
reﬂection absorption spectroscopy (PM-IRRAS) allows analysis of the
characteristic dihydroindolizine CC (1559 cm−1) and pyridinium
(1643 cm−1) stretch as a function of photoexcitation. Structural
assignments of this photochromophore are corroborated to density
function theory calculations. Conformational changes in the monolayers
appear in parallel with work function changes and are consistent with
both its rate and magnitude.
■ INTRODUCTION
Work function (i.e., Fermi level) modulation of metal
electrodes, due to an adsorbed organic monolayer, allows
modern electronic devices such as organic light emitting diodes
and organic ﬁeld eﬀect transistors to operate in a more eﬃcient
manner.1−6 The majority of devices are inherently hindered by
a high contact resistance that is caused by the misalignment of
the Fermi energy of the metal and the highest occupied
molecular orbital (HOMO) or lowest unoccupied molecular
orbital (LUMO) of the bulk organic.6−8 To minimize
misalignment, the metal’s Fermi level can be altered via self-
assembled monolayers (SAMs).9−11 The molecular and
interfacial dipoles of the adsorbed SAMs “tune” the Fermi
level of the metal with respect to either the HOMO or LUMO
of the organic channel, allowing for improved hole or electron
transport.12−14 For example, either straight chain hydrocarbons
or ﬂuorinated alkanes can respectively decrease10,15 or
increase10,16 the work function of the substrate with a high
degree of correlation to the aforementioned dipoles (Figure
1a).13
Recently, photoreversible work function alterations based on
a trans−cis conformation change of azobenzene monolayers
have been observed.17−19 Here, incident light induces the
isomerization, which alters the dipole of the monolayer and, in
turn, generates a measurable shift in the work function of the
underlying metal. If such work could be extended to a second
class of photochromophores (dihydroindolizines, DHIs), which
has both obvious spectroscopic signatures and large persistent
dipoles (∼3−5 D), a simple correlation between molecular
change and substrate perturbation could be reached.
In this paper, surface infrared signatures of DHI molecules
are used in conjunction with Kelvin probe measurements of the
surface potential to demonstrate light-induced changes to the
molecular monolayer and the resulting change in the substrate’s
work function (Figure 1b). DFT calculations of vibrational
states allow for nuanced discussion of the molecular change, the
resulting molecular dipole, and its eﬀect on the surface’s work
function.
■ METHODS
Experimental Methods. Ethanol (200 proof),
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecaﬂuoro-1-decane-
thiol (FDT), 1-dodecanethiol, and 1-octadecanethiol (ODT)
were purchased from Sigma-Aldrich and used without addi-
tional puriﬁcation. The syntheses of DHI-5 and -6 (Figure 1b)
are reported in the Supporting Information (Scheme S1). The
DHIs were kept in the dark at all times (excluding
photoisomerization studies).
Metal evaporations were performed in a Kurt J. Lesker
NANO 38 thermal evaporator. The thicknesses of monolayers
on gold were determined with a Gaertner stokes ellipsometer
LSE. Solution and solid-state UV−vis spectra were acquired on
a Shimadzu UV-2550 spectrometer. IR spectra of solid-state
KBr samples were obtained with a Tensor 37 FT-IR from
Bruker Optics with MCT detector. Surface IR spectra were
acquired on a Tensor 37 FT-IR from Bruker Optics with
polarization modulation accessory (PMA 50) and MCT
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detector. DHI irradiations utilized a 400 or 501 nm LED (12
mW/cm2), and all surface potential data were obtained via a
Kelvin probe from KP Technologies. With the exception of
ellipsometry and UV−vis, all measurements were made under
nitrogen.
Assembly substrates were prepared as follows: Glass slides
were cleaned in a piranha solution (3:1 H2SO4/H2O2) for 30
min at ∼100 °C and washed copiously with 18 MΩ water. The
glass samples were dried extensively with nitrogen before being
placed in the thermal evaporator. Gold (125 nm) was thermally
evaporated onto the freshly cleaned slides with a 5 nm
chromium adhesion layer at a base pressure of <1 × 10−6 Torr
and a deposition rate of 1 Å/s.
The disulﬁde functionality of DHI-5 and -6 allows for facile
self-assembly of organized monolayers onto gold surfaces from
solution.20,21 Both thiol (FDT, ODT, dodecanethiol) and
disulﬁde assemblies were performed in high-purity ethanol that
was degassed for 30 min with nitrogen prior to use. Assembly
concentrations ranged from 0.1 to 0.5 mM, and times were 14−
20 h. After assembly, samples were rinsed with ethanol and
dried with nitrogen. For the DHIs, all assembly procedures
were performed in the dark. During assembly solution
preparation, the DHIs were sonicated to mediate dissolution.
After assembly, the substrates containing the DHI monolayer
were placed in fresh ethanol, sonicated to remove excess DHI,
before drying with nitrogen. Ellipsometry was used to conﬁrm
monolayer coverage. Measured thicknesses match the corre-
sponding theoretical values22 to within ±2 Å.
All Kelvin probe measurements of surface potential were
referenced to an ODT monolayer (ΔΦ = ΦSAM − ΦODT).
ODT-gold serves as a consistent, reproducible reference, and its
work function is reported to be 1.2 eV smaller than bare gold
(3.9 eV for ODT-gold and 5.1 eV for bare gold).16,23
Theoretical Methods. Quantum-mechanical calculations
of the structure and vibrational spectra of the spiro and
zwitterionic forms of DHI were carried out using the B3LYP/6-
31G* hybrid density functional theory (DFT) method
implemented in the Gaussian 03 program.24 In these
calculations, the alkane chain (Figure 1b) was replaced by a
hydrogen atom. IR spectra of the spiro and zwitterionic forms
of DHI were modeled as the Boltzmann-weighted average of
the spectra of the two lowest-energy conformers of each form.
The calculated frequencies were scaled by a factor of 0.96 that
was determined by comparing B3LYP/6-31G* and exper-
imental frequencies of CN, CC, and CO stretching vibrational
modes of cytosine.25
■ RESULTS AND DISCUSSION
Characterization of the Photoswitch via UV−Vis and
IR Spectroscopies. DHIs, as a class, exist in two forms: the
stable spiro form and the zwitterion form, which can be
accessed via photoisomerization (Figure 1b). This transition is
characterized by the molecules’ optical absorptions, particularly
the π to π* transition (360−410 nm) in the spiro species and a
presumed charge transfer transition (500−700 nm) for the
photoisomerized, zwitterionic, species.26
This DHI subunit (terminal end, Figure 1b) has been
incorporated into two molecules, DHI-5 and -6. The second
half of the molecule, the aliphatic chain which links the DHI to
the surface, is variable, and was chosen for these studies because
of simpler vibrational interpretation of switched states, in
contrast to conjugated systems.27 Furthermore, the extended
alkyl system limits energy and electron transfer to surfaces that
can complicate the photochemistry.28
Both DHI-5 (Figure 2a) and -6 (Supporting Information,
Figure S1a) undergo the same optical transitions. In the spiro
state, the π-to-π* transition for DHI-5 (386 nm) occurs well
within the accepted range of established DHIs. When irradiated
with 400 nm light, the presumed charge transfer band appears
at 583 nm (Figure 2a), conﬁrming the generation of the stable,
persistent zwitterion. Transitions diﬀer by only ±3 nm for
DHI-6. These measurements, performed in the solid state,
mirror solution data (Figure S2, Supporting Information).
As the optical properties change, accompanying vibrational
diﬀerences are expected. Speciﬁcally, the stretches of double
bonds in the dihydropyridine ring should diminish, whereas the
frequencies corresponding to the pyridinium ion are expected
to appear (Figure 2a, inset). It should be noted that the DHI
Figure 1. (a) Energy diagram of bare gold and gold that has been modiﬁed with 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecaﬂuoro-1-decanethiol
(FDT). The molecular dipole orientation of the FDT monolayer increases the work function with respect to bare gold. (b) The spiro DHI adsorbed
onto gold. In this state, the molecule has a small, nonzero, dipole perpendicular to the surface and a corresponding initial work function that is
similar to a straight chain alkane. (right) Zwitterionic DHI after being excited with 400 nm light, which aﬀords a dipole oriented similarly to the FDT
monolayer. This results in an increase in the work function when compared with the spiro species. Dashed boxes in the energy diagram represent the
dipole of the monolayer.
The Journal of Physical Chemistry C Article
dx.doi.org/10.1021/jp405710u | J. Phys. Chem. C 2013, 117, 19471−1947619472
moiety in the zwitterionic form could potentially exist in
diﬀerent conformers;26,29,30 however, the formation of the
aromatic pyridinium ion is consistent with all variations of the
zwitterion and is an obvious spectroscopic signature for the IR
data. Such signals are apparent in our experimental spectra
(Figure 2b) and can be explained as follows:
For the spiro conformer, the characteristic vibrations of the
CC bonds in the dihydropyridine ring are typically observed
near 1650 and 1580 cm−1 and appear at 1645 and 1559 cm−1 in
DHI-5.31−33 In the scaled B3LYP/6-31G* vibrational spectrum
(Figure 2c), the corresponding normal modes lie at 1638 and
1547 cm−1, and the assignment can be conﬁrmed (Supporting
Information Figures S3−11 show atomic displacement vectors
during normal vibrations for the major peaks). In this instance,
the calculations also show the 1547 cm−1 mode to contain
signiﬁcant contribution from the stretching vibration of the
CC bridge between the two ester groups. Readers curious
about interpretation of other modes can ﬁnd them in
Supporting Information Table S1.
When this sample is irradiated to promote formation of the
zwitterion, the IR spectrum shows new stretches for the
pyridinium ion in conjunction with the appearance of the
charge transfer transition band in the visible spectrum. The two
normal vibrations that are correlated to this appearance are
observed near 1643 and 1506 cm−1. IR bands in these regions
are commonly assigned to the stretching vibrations of the
pyridinium ring.34,35 Our calculations show that each of these
two bands corresponds to the stretching vibrations of the
pyridinium ring that are coupled to the CO stretch of one of
the two ester groups (Supporting Information Table S1). The
appearance of the two bands at each location of the calculated
spectrum (and shoulders in the experimental) is due to
presence of two rotational conformers of the zwitterionic DHI.
The contribution of the stretch of the polar CO bond to
these normal modes explains the large IR intensity increase in
this spectral region upon DHI irradiation by the UV light
(Figures 2b, c). Both vibrations can be used diagnostically to
discern the state of the DHI but, for reasons discussed later, we
focus on the peak at 1643 cm−1.
In addition to the intensity increase at 1643 cm−1, the spiro/
zwitterion switch can be monitored via the decrease in the IR
intensity of the dihydropyridine CC bonds at 1559 cm−1.
This spectral change is consistent with our calculations that
show a strong IR band at 1547 cm−1 for the spiro DHI but no
band for the zwitterionic DHI in this spectral region (Figure
2c). As such, this spiro CC stretch can be used to provide a
semiquantitative measure of the percentage of photochromo-
phores that have switched. Implicit here is the fact that only
about one-third of photochromophores are in the zwitterionic
form in the solid state (Figure 2b), even if irradiation is
extended. This hypothesis is consistent with the presence of the
shoulder in the UV−vis data (∼390 nm). Both the peaks at
1643 and 1559 cm−1 will provide a spectroscopic handle for
subsequent identiﬁcation of the molecular DHI on the surface
for Kelvin probe measurements.
Photochemically Induced Work Function Shifts and
Correlation with Spectroscopic Signatures. To test the
photochromophores’ ability to dynamically tune a metal’s work
function, both DHI-5 and -6 were assembled onto freshly
prepared gold and were compared with freshly prepared ODT
monolayers via a Kelvin probe, which measures the surface
potential diﬀerence between substrates. For these measure-
ments, the standard deviation from the mean for the
measurement at a single point was quite low: 5 mV. The
deviation across multiple samples was higher; the average spiro
surface potential for DHI-5 and -6 were found to be at 28 ± 42
and 148 ± 84 mV, respectively, relative to ODT on gold. The
higher standard deviation for the spiro DHI-6 is presumably
related to less eﬃcient packing and higher disorder often
reported for shorter alkyl chains.22 Surface spectroscopy for
both spiro DHIs correlates well with the solid-state data (vide
infra), providing evidence for the integrity of the assembled
material.
When spiro DHI-5 and -6 were irradiated for 13 min with
400 nm light, the surface potential increased by 178 and 164
mV from their respective initial values (Figure 3, circles and
squares). These individual samples, which were correlated with
their spectroscopy, are representative of a greater trend: on
average, the shift for ﬁve DHI-5 samples at 13 min irradiation
was 186 mV with a standard deviation of 23 mV. The direction
Figure 2. Solid-state (KBr) correlation study of (a) UV−vis and (b)
IR of DHI-5. Yellow curves represent spiro DHI. The sample was
irradiated for 1.5 min generating a persistent zwitterion conformer
(green curves) in the solid state. Additional irradiation yielded no
further change in either spectra. The gray dashed arrows show an
increase in the zwitterion character at 1643 cm−1 along with a decrease
of the isolated oleﬁns signal at 1559 cm−1. Spectra shown in panels a
and b correspond to the same sample run consecutively. (c)
Calculated DFT vibrational spectra displays a new increase for the
zwitterion at 1651 cm−1 and the disappearance of the stretch at 1547
cm−1, which are represented by the dashed arrows. Changes are
consistent with the experimental solid-state switch.
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of the work function shift from this data is consistent with the
orientation of the molecular dipole of the zwitterion with
respect to the surface, suggesting that we are observing the
eﬀect of DHI switching from its spiro to zwitterionic form. The
molecular origin of this eﬀect can be supported by two
additional observations. First, no/minimal absorption, and thus,
isomerization, is expected for 501 nm light (Figure 2a). As
expected, DHI monolayers irradiated with this wavelength
show an insigniﬁcant change (Figure 3). Second, a sample of 1-
dodecanethiol assembled on gold was irradiated with 400 nm
light, and the measured shift from irradiation was negligible (21
mV), allowing us to rule out other eﬀects, such as photo-
oxidation of the Au−S bond. This second data set can be found
in the Supporting Information (Figure S12). Combined, the
results show that it is possible to dynamically shift the work
function of a material, based on molecular eﬀects, by ∼170
meV.
The same DHI samples reported in Figure 3 were examined
sequentially via polarization modulation infrared reﬂection
absorption spectroscopy (PM-IRRAS) so that the electronic
switch could be correlated with the vibrational signatures of the
zwitterion. For the ﬁrst two irradiation intervals (0−2 and 2−8
min), the same increase (∼70 mV) was observed for each
measurement. The substantial shift appears in conjunction with
vibrational evidence for isomerization, with an increase in
(1644 cm−1) pyridinium bond character and the decrease in the
isolated dihydropyridine CC bond (1559 cm−1) (Figure 4).
For the ﬁnal 5 min of irradiation (8−13 min), a smaller increase
of 35 mV was observed, and as expected, the diﬀerences in
spectra are less pronounced, suggesting minimal change in
conﬁguration. In fact, the DHI-6 sample shows virtually no
vibrational changes, whereas DHI-5 shows minor changes at
1559 cm−1. These have been omitted for clarity but can be seen
in the Supporting Information (Figure S13). The electronic and
spectroscopic changes were consistent for all DHI samples that
were subjected to the same experiment. This IR/Kelvin probe
analysis was simpliﬁed by the fact that the switch has an
extraordinarily slow relaxation time on the surface (a minimally
relaxed 90 h spectrum can be seen in Supporting Information
Figure S14), and thus, the time required for data acquisition has
little eﬀect on the system.
In examining this data, a brief comment on the region at
∼1500 cm−1 is warranted. In the initial characterization of the
photoswitch (as a KBr pellet, Figure 2b), three absorptions
appear to be highly correlated with the change from the spiro
form to zwitterion; only two are observed for the monolayer
samples (1644, 1559 cm−1). The stretch at 1506 cm−1, which
according to DFT calculations corresponds to the CC bond
formed at the 9-position of the ﬂuorene moiety (Figure 2),
does not appear in the surface IR of the irradiated samples
(Figure 4; 2, 8 min). A common explanation for these
situations is the surface selection rule. The net dipole of the
vibrations that are parallel to the surface are nulliﬁed by those
from an image charge, and no absorption appears.36 Naively, on
the basis of the SAM tilt angles as well as molecular geometry
(Figure 1b), one might expect this to be a case for the CC
bond at 1506 cm−1. To conﬁrm this hypothesis, DHIs were
spin-coated onto the surface rather than assembled, and
nonoriented multilayers of varying thicknesses were formed
as a result. The randomly oriented multilayers display the
missing stretch (Figure S15, Supporting Information). As the
layer thickness decreases (and a greater portion of the signal is
from molecules bonded to the surface), this peak decreases in
intensity relative to the other signals.
Substituent Eﬀects. DHI-5 and -6 serve as eﬀective model
systems for this class of photochromophores. However, as we
begin to analyze the relationship between DHIs and the work
function change, it would be ideal if the dihydropyridine CC
bond stretch were to remain diagnostic for other molecules
within this subclass. If true, substituents impacting optical
absorption, stability, the dipole, and even molecular orientation
could be appended to the molecule.26 Such ﬂexibility would be
extremely powerful for reconciling theoretical changes in the
work function with experiment.
Preliminary analysis indicates this to be true. The indicative
CC stretch is present in other DHIs we have synthesized,
where the alkyl chain has been exchanged for various alkynyl,
Figure 3. Kelvin probe measurements of DHI-5 (•) and DHI-6 (■).
The DHIs were irradiated with 400 nm light for 0, 2, 8, and 13 min,
and an active shift in the surface potential was noted, corresponding to
the zwitterion species. When DHI-6 was irradiated with 501 nm light
(×), a negligible shift was observed.
Figure 4. PM-IRRAS of spiro (yellow) monolayers of (a) DHI-5 (b)
DHI-6. Irradiation times of 2 (blue), and 8 (green) minutes support
the formation of the zwitterion on the surface. Dashed arrows
represent formation of the pyridinium ring (1644 cm−1) and the
decrease in the isolated oleﬁns (1559 cm−1).
The Journal of Physical Chemistry C Article
dx.doi.org/10.1021/jp405710u | J. Phys. Chem. C 2013, 117, 19471−1947619474
aryl, or oxy substituents. Stretches for the four compounds are
reported at 1569, 1559, 1551, and 1547 cm−1.27 Of these, an
alkynyl-substituted DHI (Figure 5) was examined both pre- and
postirradiation for vibrational changes. The CC peak at 1547
cm−1 is highly correlated with the switching event.
The above sequence of substitutions should allow for varying
degrees of electron/energy transfer between the photo-
chromophore and the surface, which inhibits switching.28
Combined work function/spectroscopic analysis can clarify
some of these eﬀects. As such, the results reported in this work
are fundamental to ongoing studies on work functions in the
area.
■ CONCLUSION
An active shift in the work function of a gold surface was
generated by two photochromic DHI monolayers. Surface IR
suggests that the electronic alterations are caused by the light-
induced change from the spiro to the zwitterionic species.
Changes in the surface spectroscopy were conﬁrmed via
experimental solid-state spectroscopy and DFT vibrational
calculations. Characteristic vibrational features appear general
across the class of molecules and can be used for analysis of




Synthesis of DHIs, associated characterization data (NMR, IR,
MS) DFT normal mode assignments and atom displacement
plots, and vibrational correlation study for DHI-6, solution
UV−vis and corresponding half-life data, additional controls for
the work function data, and thin ﬁlm irradiation study of DHI-6
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S. G.; et al. Reversible Photomechanical Switching of Individual
Engineered Molecules at a Metallic Surface. Phys. Rev. Lett. 2007, 99,
038301.
(29) Shrestha, T. B.; Melin, J.; Liu, Y.; Dolgounitcheva, O.;
Zakrzewski, V. G.; Pokhrel, M. R.; Goritchiani, E.; Ortiz, J. V.;
Turro, C.; Bossman, S. H. New Insights in the Photochromic Spiro-
Dihydroindolizine/Betaine-System. Photochem. Photobiol. Sci. 2008, 7,
1449−1456.
(30) Bleisinger, H.; Scheidhauer, P.; Durr, H.; Wintgens, V.; Valat, P.;
Kossanyi, J. Photophysical Properties of Biphotochromic Dihydroin-
dolizines. Ring-Opening into Extended bis-Betaines. J. Org. Chem.
1998, 63, 990−1000.
(31) Fry, E. M. 6-Cyano-1,2,5,6-tetrahydropyridines in the
Preparation of 1,2-Dihydropyridines. Tautomerism of the Dienes. J.
Org. Chem. 1964, 29, 1647−1650.
(32) Noland, W. E.; Lee, C. K. 2-Addition of Pyrroles to Dimethyl
Acetylenedicarboxylate: Michael-Type Adducts and Diels−Alder
Products. J. Org. Chem. 1980, 45, 4573−4582.
(33) Thiessen, L. M.; Lepoivre, J. A.; Alderweireldt, F. C. Preparation
of 1,2,4-Trialkyl or Aryl Substituted 1,2-Dihydropyridines by Grignard
Reagents. Tetrahedron Lett. 1974, 1, 59−62.
(34) Bae, I. T.; Huang, H.; Yeager, E. B.; Scherson, D. A. In Situ
Infrared Spectroscopic Studies of Redox Active Self-Assembled
Monolayers on Gold Electrode Surfaces. Langmuir 1991, 7, 1558−
1562.
(35) Hester, R. E.; Suzuki, S. Vibrational Analysis of Methylviologen.
J. Phys. Chem. 1982, 86, 4626−4630.
(36) Griﬃths, P. R.; de Haseth, J. A. Fourier Transform Infrared
Spectrometry; John Wiley & Sons, Inc.: Hoboken, NJ, 2007.
The Journal of Physical Chemistry C Article
dx.doi.org/10.1021/jp405710u | J. Phys. Chem. C 2013, 117, 19471−1947619476
